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Abstract 

The scales associated with Brown- Teitelboim-Bousso-Polchinski processes of brane nucleation, 
which result in changes of the flux parameters and the number of D-branes, are discussed in the 
context of type IIB models with all moduli stabilized. It is argued that such processes are unlikely 
to be described by effective field theory. 
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I. INTRODUCTION 



There are two approaches to dynamics on the landscape of classical solutions to (the 
supergravity limit of) string theory. 

L ^The universe is the result of a tunneling event as in traditional quantum cosmology 
except that instead of tunneling from nothing, the pre-tunneling state is the result 
of spontaneous compactifiction and decay of high string states (which may be modeled by a 
thermal state at a temperature somewhat below the Hagedorn temperature). The different 
end states of this tunneling process are the different four dimensional effective field theories 
that are supposed to constitute the landscape of string theory. 

2. The second is a process of brane nucleation a la Brown and Teitelboim (BT) 
This is analogous to the Schwinger effect of pair production of charged particles by a strong 
electric field in two dimensions. The currently observed universe (with a tiny cosmological 
constant (CC)) is supposed to be the end result of this process of brane nucleation. In the 
generalization of this argument by Bousso and Polchinski (BP) p] to string theory, this 
process can result in getting a universe with a tiny cosmological constant (CC) even though 
the brane tension is not parametrically below the string scale. 

In [f| Brustein and the author addressed the first scenario j^fj. In this paper we will dis- 



cuss the second, using type IIB models with flux compactifications |2j| and non-perturbative 
terms Q| (KKLT) [23]. In particular we will determine under what conditions this process 
could be described by an effective supergravity. This means that given a state which has 
such a description, which we will take to be a final state of the nucelation process such as 
the observed universe, we wish to investigate whether its immediate antecedent state is also 
describable by effective supergravity. What we will find is that although generically the 
antecedent state is strongly curved (at higher than the string scale) there are non-generic 
situations where a supergravity description of the antecedent state is possible. However 
even in those situations the required domain wall brane has a tension which is above the 
string scale so that it does not seem possible to describe its nucleation in low energy effective 
supergravity. 

In section 2 we discuss the relation between different scales and estimate the tension of 
the relevant brane, and in section 3 estimate the cosmological constants in the two states 
and discuss the transition. 
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II. A MATTER OF SCALES - THE DOMAIN WALL TENSION 



In this section we analyze the tensions of branes and the change in the CC in the Einstein 
frame defined by GKP |8j. Here in addition to warping we also put in the dependence of 
the metric on the volume modulus. 

The metric ansatz is 

ds 2 = g s MN dx M dx N = e* /2 [e- 6u(x)+2A ^ gflu (x)dx»dx u + e 2 < x) ~ 2A{y) g mn {y)dy m dy n ] (1) 

In the above g m n is the ten-dimensional string metric and the ansatz ensures that g^x) is 
the four dimensional Einstein metric and g mn is the Ricci-flat metric on the internal space 
which is usually taken to be a Calabi-Yau manifold. u(x) is the volume modulus and we've 
ignored the other moduli since they do not enter into the relation between the Planck and 
string scales. Also it is convenient to take the effective volume of the internal manifold to 
be at the string scale when u = 0, in other words we put 



Ae- 4A(y) ^%) = (27r)V 3 (2) 

Reducing the 10 D action using this ansatz gives 

S = j^rA J d'x J d e y^g^(x,y)e- 2 *g^RS u + ...] (3) 

= j^r 4 [ J d 6 ye-^g^(y) J d'x^R^^x) + ...] (4) 

From the second line we can read off the 4D Planck scale (by identifying the coefficients of 
the 4D Einstein action as Ml/2) 



This is of course measured in the 4D Einsein metric and in the same metric the string scale 
can be identified by writing the string action as, 



I ~ ^- > Jd 2 a[\g s MN dX M 5X N + ...) (6) 

„ _L f d 2 a\\e^l 2 e- &u ^e 2A ^g, u dX»dX» + ...] 
2na' J 2 ' 

The effective string tension (measured in the 4D Einstein metric) is actually space-time 

dependent unless the dilaton and the volume modulus are stabilized. Henceforth we will use 
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u, 4> for the stabilized values of the volume modulus and the dilaton. The tension is also 
dependent on the warp factor and is given by 

<j>/2 -6u 2A(y) 

Thus in these units the string scale in any throat region will depend on how far down the 
throat it is measured. The ratio of the Planck scale to the string scale (which is in fact the 
physically meaningful quantity) is 

= Vv 6 v A ^. (8) 

This formula illustrates the fact that in highly warped regions (down some AdS like throat 
region that approximates the RSI Q| scenario as in GKP) the Planck scale can be much 
higher than the string scale [ijj]. The same formula illustrates the fact that this hierarchy 
of scales can alternatively be obtained by taking a large volume (e u ^> 1) compactification. 

Now consider two different flux compactifications separated in (3+1) dimensions by a 
domain wall which in IIB theory could be a D5 brane wrapping a three cycle in the internal 
manifold. We could also consider an NS5 brane but the results would be very similar except 
for the factor of the dilaton which has only a marginal effect in the following. 

In the string metric the tension of the five brane is given by the formula T 5 = e~^/ (27r) 5 a; /3 . 
The relevant term in the five brane action is, 
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Q\ 



d 3 xe-^ x)+ ^ x)/2 yjg^(x), (9) 



(27r) 5 a /3 Vi 

where A is the three cycle wrapped by the brane and f2 is the holomorphic three form on 
X. So the effective tension of the domain wall measured in the 4D Einstein metric is 

Tdw = (2vr)V 3 / 2e 6 " +</,/2 ' (10) 

where we have introduced the complex structure modulus associated with the three cycle 
wrapped by the brane by writing J Q — (27r) 3 a' 3 ^ 2 z. To estimate the Kaluza-Klein (KK) 
masses consider for instance the dilaton kinetic term 



J d w xe- 2 't>^F ) gf N (R MN -4d M( f ) d N( f ) ) - - J y/gW(x)gft(y) (11) 
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Thus we get the KK masses to be 



where we have defined < e~ 4A >x= fx e ~^ Av2 / Ix v2 where v i s the KK wave function. 
Since one expects the KK modes to be localized at the end of the Klebanov-Strassler (KS) 
throat (as in [llj] for the RSI case - see also [ljj) this average may be estimated by using 
the value far down the throat. In doing so we need to take into acount the dependence of 

n 

the warp factor on the volume modulus as discussed in |i3J]. In other words we need to 
write (assuming as before that the volume modulus is fixed at some space time independent 
value) 

e~ iA = l + e~ 4u h(y). (13) 

Here h(y) is defined to give zero when integrated over X with metric g mn . Far down some 
warped throat h becomes large and takes the value h max = e 8K ^ 3M9a = e~ 4Amin with 
K, M, K » M a pair of flux integers, according to equation (3.19) of GKP. So the criterion 
for non-trivial warping is e~ 4 "e~ 4Am4n >> 1. Then we have for these KK modes which are 
localized down the throat 



M 2 KK ~ -e 4A — e - 4u 
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Similarly down this throat the effective string scale is warped down giving, 



M 2 ~ _J_ e 2 ^mmg-4li e ^/2_ 

s 2na' 

m KK -4/2 2An.fr, ( 1z n 

Ml ' [ ' 

So the warped KK scale is below the warped string scale at least if the string coupling is 

not too small. 

Now we may compute the ratios of the effective tension of the domain wall wrapping a 
three cycle at the end of the throat to the warped string scale, the Planck scale and the 
warped KK scale: 



s 

T, 



Tdw ^ e <i>/2 e -6A min l z \ e <f>/2 e -3A min (17) 

M 3 
KK 



In these expressions we've ignored factors of 0(1) and retained only the modu- 
lus/dilaton/warp factor dependences and in the last estimate we've used the value z ~ e 3Amin 
given in equation (3.19) of GKP 

From (fTBl) we see that the tension is always below the Planck scale for large volume 
compactifications as observed in |1J|. But from fT51) we see that Td w is above the string 
scale regardless of the size of the cycle relative to the bulk |2Qj | . The same is true of the 
ratio to the KK scale. In other words the spontaneous nucleation of these domain walls (and 
hence bubbles of different flux vacua) cannot be described within effective field theory. To 
put it another way, in regions way down some KS throat, where massive modes are likely to 
be localized, with e Amin « 1, the domain wall tension is above the local string scale and 
way above the local KK scale. 

III. THE BTBP PROCESS IN IIB 

In the Brown Teitelboim process (adapted to a multi-flux/brane situation by Bousso 
and Polchinski) it was assumed that the effective cosmological constant (CC) is given by a 
formula of the form 
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8=1 

Here the first term is the CC coming from all other sources (both classical and quantum) 
and is assumed to be negative. The second term is the explicit contribution of the fluxes 
with {rii} being a set of integers characterizing the flux configuration and {g^} being the 
set of charges associated with branes wrapping any one of the J cycles in the compact 
manifold. In the original BT process there was only one charge and then in order to obtain 
an effective CC of O(10~ 120 ) in Planck units it was necessary to have a charge of the same 
order. However as Bousso and Polchinski showed if we have many charges (as would be the 
case typically in string theory compactified on a manifold with many cycles say 0(100)) 
the discretuum of values of the cosmological constant would be sufficiently dense, so that 
even with relatively large charges (say 0(1/10)) there would be some which are within the 
acceptable range. 



Within a semi-classical approximation BT 



lad derived (in a manner similar to that in 



the seminal work of Coleman and De Luccia 3|) the probability of brane nucleation. It 
was argued that in 4-space the effect of brane nucleation was to create a bubble of lower 
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(or higher) values of the cosmological constant separated by a domain wall consisting of a 
closed brane configuration. Also while transitions to lower values will take place at some 
finite rate, upward transitions could not happen for non-compact 3-space, while if space was 
compact they could take place but at some suppressed rate. Furthermore transitions from 
a positive to a negative value of the CC were also suppressed. 

However the BP argument was made in a context where the moduli (in particular the 
sizes of the cycles and hence the values of the charges) were not stabilized. So a proper 
discussion of this process requires one to consider an explicit string theory model such as 
that of GKP-KKLT in type IIB compactified on a Calabi-Yau orientifold X. In order 
to cancel tadpoles one introduces D 3 (and Dj) branes and turns on three form fluxes. The 
fluxes generate a potential for the dilaton and complex structure moduli (z l i, = 1, . . . , /i2i)- 
By adding non-perturbative effects a potential for the Kaehler moduli Tj i = 1, . . . , h n can 
also be generated. This potential is in the classic Af = 1 SUGRA form and is given in terms 
of a Kaehler potential (assuming for simplicity just one Kaehler modulus i.e. h\\ = 1) 

K = -ln(S + S) -31n(T + f) - ln[z I ft AO], (18) 

Jx 

and a superpotential 

W= f G 3 Att + Ce- aT . (19) 
Jx 

In the above S = + iC and T = e 4u + ib with C being the RR zero-form and b is an 
axion related to the RR four-form field of IIB string theory. We also set 2-na' = 1 in the 
following. Also ft is the holomorphic three form on X and 



G 3 = F 3 + iSH 3 

with F 3 (H 3 ) being RR (NSNS] three form fluxes threading some three cycles in X. As is 
well-known (see for example [l|| for a review) these fluxes are quantized and by expanding 
in a basis of (A and B) three cycles the first (flux) term of (fTH can be written as 

W flux = / G 3 A ft = (2tt) V[K + iSm^g^z) - (nf + iSmf)z% (20) 
Jx i 

Here the z % are projective coordinates (defined by the periods of ft) on the complex structure 
moduli space, Qi = dQ jdz % with Q being a homogeneous function of degree two in the z l 
and the n's and m's are integers. 



An elementary brane nucleation transition (of the sort that was considered by BT) would 
correspond for example to a shift of the form 

for one flux integer with all others unchanged j^. This would lead to a change of the 
superpotential 

AW = ±27Tz j . (21) 

To find the change in the potential and the corresponding change in the stabilized values 
of the moduli is not easy in general. However we may estimate these values by adopting 
the two stage procedure of KKLT. So we assume that it is possible to integrate out the 
complex structure moduli and the axi-dilaton before adding the NP term giving a constant 
flux superpotential (for each choice of fluxes) and then consider a simple theory of the one 
remaining modulus T. This means taking K = — 31n(T + T) + 0(1) and W = W + Ce~ aT 
giving a potential (setting for simplicity the imaginary part Tj = 0) 



aCe 



-aT n 



V = v—^^[W + Ce- aT *(l + -aT R )} (22) 

with v an 0(1) constant. This potential has a supersymmetric AdS minimum determined 
by D T W=0, i.e. 

Wo = -(1 + 2 ^)Ce- aT «. (23) 

KKLT go on to lift this minimum to get a dS solution by a rather ad hoc procedure. For our 
purposes we do not need this - in fact before we take into account the effects of integrating 
down from just below the string scale all the way to the Hubble scale (where the CC is 
determined) all that one needs to ensure is that the CC produced from a string theory 
argument is of the order of the TeV scale, since one expects an effect of at least this order 
from supersymmery breaking, the standard model phase transition and associated quantum 
fluctuations. Thus we will take the above minimum as representing the one that we find 
ourselves in, modulo the effects just mentioned. 

The question then is what was the prior state which gave rise to this flux configuration. 
First we note that for the scheme to be valid (i.e. Tr > 1, and o.Tr > 1 as pointed out by 
KKLT) we should have W -C 1. Indeed to have a CC at the standard model scale we need 
(calling the final (initial) value of the CC Vj(V 1 )) 



rp3 



< 1. (24) 



Let us now estimate the CC of the immediate prior state to this - in other words the 
potential minimum of the state from which this universe was created by bubble nucleation. 
The change in the superpotential is given in (f2TJ) and since this is much greater than Wo, 
the CC of the state from which the final state was nucleated had a CC of the order of 

IKI - ^ - -fS- (25) 

R R 

In the last step we have assumed that the three cycle which is wrapped by the nucleated 
five-brane is the three cycle in the KS throat with z the corresponding complex structure 
modulus which was estimated in equation (3.19) of GKP Q]. Let us now measure this against 
the string scale using Q • 

YL „ e 2A mme -4> e -iu „ ± -4*K/3Mg. -to j (26) 

Mf g s y 1 

where K, M are integers characterizing the fluxes through the relevant pair of dual three 
cycles. We are assuming of course that the values of the moduli (in particular T R in the 
initial and final state are not parametrically different, consistent with (|2T|) and (J2HJ). 

Thus we have shown that although one might expect that the generic initial state has a 
CC that is around the string scale, so there is no possibility of a supergravity description of 
the initial state, for strongly warped large volume configurations, it is possible to have such 
a description (3jJ. However as we argued at the end of the previous section (see (fTTj)([T5|) 
) even for branes wrapping the shrinking three cycle down the KS throat, the domain wall 
tension is larger than the string scale and much larger than the KK scale! 

Thus it seems that even though there are flux configurations with a strongly warped 
throat that allow a supergravity description of both the final state and the initial state - the 
brane nucleation process requires a brane whose effective tension is well above the (local) 
string scale. In contrast to working in string perturbation theory with a static background of 
D-branes (which have tensions that are larger than the string scale) here we have dynamical 
processes that are taking place at or above the string scale. The brane nucleation involves 
a redistribution of energy density at scales which are greater than or equal to the string 
scale, and therefore one cannot really expect there to be a low-energy effective field theory 
description of this. One should expect that at the same time as these branes are nucleated, 
stringy states could also be created. Even if it is the case that Coleman-De Luccia type 
calculations are still valid for estimating the transition probabilities, the end point of 
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the transition is unlikely to have a semi-classical description. As pointed out in [17] there is 
also a problem of constructing a background independent effective supergravity action that 
describes such processes. Of course this does not mean that there are no such transitions 
in string theory. It simply casts doubt on the existence of a supergravity description of the 
dynamics. 
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